ABSTRACT Female engorgement weight, oviposition, and molting times of larvae and nymphs of Amblyomma maculatum Koch (Acari: Ixodidae) were studied at various photoperiods under constant humidity and temperature in the laboratory. Ticks were held at photoperiods of 0:24,
Photoperiod is the primary environmental stimulus responsible for inducing diapause in insects, inßuenc-ing periods of insect activity and dormancy. The effect of varying light/dark regimes on arthropods is well documented and includes such responses as diapause, polyphenism, and seasonal migration (Danilevsky 1961 , Beck 1980 , Tauber et al. 1986 .
Previous laboratory research has demonstrated that developmental diapause can be induced in the lone star tick, Amblyomma americanum (L.), by manipulation of the photoperiod(s) to which fed larvae and nymphs are subjected and that delayed development of fed nymphs exposed to short-day (10:14 [L:D] h) photoperiods is a heritable trait George 1988, 1991) . Studies conducted by Guglielmone and Moorhouse (1986) also found photoperiodic induction of developmental diapause in fed nymphs of an Australian tick, Amblyomma triguttatum triguttatum Koch. Although ticks in the genus Amblyomma are considered to be primarily tropical, these two species of ticks have an extensive range (Cooley and Kohls 1944) . The lone star tick is found throughout the southeastern quadrant of the United States and also along the eastern seaboard in northern more temperate states where seasonal temperature ßuc-tuations and extremes are common (Sonenshine and Levy 1971 , Good 1972 , Falco and Fish 1988 , Means and White 1997 . A. t. triguttatum also has a varied range and can be found in more temperate areas of Australia as well as semidesert conditions (Roberts 1962 (Roberts , 1970 Guglielmone 1992) . The previous research by Pound and George (1988) and Guglielmone and Moorhouse (1986) demonstrating the effects of photoperiod on two Amblyomma species that are able to adapt and survive over such a broad distribution and climate ranges led us to investigate the effect of photoperiod on a predominantly tropical Amblyomma species, the Gulf Coast tick, Amblyomma maculatum Koch (Acari: Ixodidae).
The Gulf Coast tick, a three-host ixodid tick, is primarily found in the southern United States, Central and South America, and the Caribbean in areas of high rainfall, humidity, and temperature (Hooker et al. 1912 , Bishopp and Hixson 1936 , Cooley and Kohls 1944 , Bishopp and Trembley 1945 . It is considered to be primarily a tropical species but has been recorded in less tropical areas such as Kansas and Oklahoma (Semtner and Hair 1973 , Mock 1995 , Barker et al. 2004 . Larval and nymphal stages of the Gulf Coast tick predominantly infest birds and small mammals (Diamant and Strickland 1965, Teel et al. 1998) ; adults usually parasitize larger mammals such as deer, cattle, sheep, and humans (Cooley and Kohls 1944, Barker et al. 2004 ). Due to the Gulf Coast tickÕs more limited tropical range, it is expected that diapause would be less critical for survival and that photoperiod would have a limited effect on development.
The following study was designed to experimentally investigate the effect of photoperiod on the timing and completion of reproductive and developmental events in the life cycle of the Gulf Coast tick otherwise held under constant humidity and temperature conditions in the laboratory.
Materials and Methods
A. maculatum used in this study were from fourth generation ticks maintained at the Knipling-Bushland U.S. Livestock Insects Research Laboratory, Kerrville TX. The colony was originally established from ticks collected on the King Ranch, Kingsville, Kleberg County, TX. Colony ticks had been routinely maintained under a photoperiod of 12:12 (L:D) h at 25ЊC and 85% RH.
Adult Gulf Coast ticks were placed in stockinette sleeves glued to shaved sides of stanchioned Hereford steers. Ticks in the sleeves were allowed to feed, mate, engorge, and detach. After detachment, engorged females were rinsed and separated into four weight-equivalent groups of two ticks each. Ticks were then placed into individual glass containers. Pairs of ticks were then randomly placed in either 0:24, 10:14, 12:12, or 14:10 L:D photoperiodic regimes from oviposition to molting of unfed nymphs. The 10:14 and 14:10 regimes approximate the minimal and maximal photoperiods that occur at the latitude of Kingsville, TX. It was decided that a 24:0 photoperiod regime was unnecessary because such a long photophase would not be experienced in nature. Similarly a 0:24 photoperiod would not be experienced in nature; however, it was used in this study as a neutral photoperiod and the 12:12 photoperiod served as an intermediate regime (Tauber et al. 1986) .
Ticks that were exposed to the 10:14, 12:12, or 14:10 photoperiodic regimes were held in 38 liter aquaria containing saturated KCl solution to maintain a constant relative humidity of 85% (Winston and Bates 1960) . Aquaria were covered with 6.4-mm-thick plate glass lids and held in environmental chambers at 25 Ϯ 1ЊC. Two 40-W daylight ßuorescent tubes were used to supply light intensities of Ϸ800 lux, as measured at the bulb to tick distance of Ϸ40 cm. Intermediate light intensities were not used to simulate twilight; lights were either on or off for the speciÞed times.
Ticks placed in the 0:24 neutral photoperiodic regime were kept in a glass desiccator jar (250 mm in diameter) containing saturated KCl. The desiccator jar was then placed into a light excluding wooden box and held in an environmental chamber at 25 Ϯ 1 Њ C. These ticks were observed daily in a darkroom under dim (2Ð3 lux) red light produced by a 15-W incandescent bulb and a Kodak (Rochester, NY.) No. 1 safelight Þlter. Previous research has shown that Boophilus microplus (Canestrini) (Waladde and Rice 1982) , Dermacentor variabilis (Say), and Hyalomma dromedarii Koch (Carroll and Pickens 1987) do not respond to low intensity red light.
Approximately 3 wk after hatching, larval ticks from each light regime were fed on guinea pigs. While feeding, ticks and host guinea pigs were held in brown paper bags at room temperature (21 Ϯ 2 Њ C). While on the host and in the paper bags, feeding larval ticks from all light regimes were exposed to similar minimal light conditions ranging from 0 to 1 lux. On the same day as detachment, randomly selected fed larvae from each light regime were collected, cleaned, and placed individually into wells of Falcon (BD Biosciences, Franklin Lakes, NJ) ßat-bottomed, 96-well microtiter plates (Pound et al. 1989) . The individual wells of the microtiter plates were capped with open-cell polyethylene foam plugs. Ticks were observed daily and molting or mortality was recorded.
Approximately 4 wk after molting, unfed nymphs from each original light regime were fed on guinea pigs and divided into four subgroups of equal numbers. One subgroup from each regime was then retuned to the original photoperiodic regime, and the other three subgroups were distributed among the other regimes. Groups of ticks in each of these16 light regimes are designated by a number indicating the daily hours of light during development from eggs to unfed nymphs, followed by a dash, and then the hours of light from fed nymphs to adults.
Previous photoperiodic studies conducted on A. americanum found that by day 25 after detachment all ticks that had been held under 14:10 during both developmental periods had either molted or were in postapolysial stages of molting (Pound and George 1988) . Therefore, for this study, ticks under all of the photoperiod regimes were categorized as either diapausing or nondiapausing on day 25 after detachment. Ticks were scored as being in a state of developmental diapause on day 25 after detachment if there was no evidence of preapolysial posturing (Pound and George 1988) . Mortality was determined by a blackening of the idiosoma and shrinkage and dehydration evidenced by a medial dorso-ventral compression.
For statistical analysis photoperiods (0, 10, 12, and 14 h) were Þxed factors in the two-way analysis of variance (ANOVA) performed using Proc Glimmix in SAS 9.1.3 (SAS Institute 2006). Nymphs were randomly assigned to each of the 16 treatment combinations of the two photoperiods. Days between nymphal drop and molting were analyzed assuming a normal distribution, whereas the nymphal status (survival) was analyzed using an assumed binary distribution with a logit link. Results of logistic regression are presented as odds-ratio and backtransformed values presented are proportion which survived. Mean comparison were made between groups of interest and tests were adjusted by TukeyÐKramer adjustment.
Results
Oviposition. Analyses of the results from monitoring female ticks that had been maintained since detachment at either 0:24, 10:14, 12:12, or 14:10 (L:D) h photoperiods, showed no signiÞcant effects of photoperiod on mean oviposition time, mean number of eggs per unit of en-gorged female tick weight, or percentage of engorged female weight lost during oviposition.
Fed-Larval Development. Molting times of fed larvae ranged from 11 d in the 14:10 group to 26 d in the 0:24 group; however, mean molting times of fed larval A. maculatum were not signiÞcantly different between any of the four photoperiods (Table 1) . Survival of fed larvae to the nymphal stage was similar among the photoperiod groups.
Fed-Nymphal Development. Mean molting times were signiÞcantly different among the photoperiods for fed nymphs (F ϭ 25.10; df ϭ 15, 92; P Ͻ 0.0001) and varied from 25.2 d in the 10 Ð12 group to 21.3 d in the 14-14 regime (Table 2) . Molting times for individual ticks ranged from a minimum of 17 d in the 14 Ð14 group to 43 d in the 12Ð10 group.
Survival of fed nymphs to the adult stage was highest in the 0 Ð12 group (97.1%), but no signiÞcant differences in survival to the adult stage were observed between any of the photoperiodic regimes. At day 25 all of the A. maculatum ticks observed in this study showed preapolysial posturing and were not considered to be in developmental diapause (Table 2 ).
Discussion
The four light/dark regimes evaluated in this study had no observable or statistical effects on mean oviposition time, mean number of eggs per unit of engorged female tick weight, or percentage of engorged female weight lost during oviposition. Mean molting times of fed larval A. maculatum were not signiÞcantly different between the four photoperiods ( Table 1) . Survival of fed larvae to the nymphal stage was highest in the 10:14 group (100%), but no signiÞcant differences in survival to the nymphal stage were observed between the photoperiod groups. In comparison, Pound and George (1988) previously found that fed A. americanum larvae molted to nymphs in a shorter time under regimes that had decreased hours of light (0:24 and 10:14) and that ticks exposed to regimes with increased hours of light had decreased survival to the nymphal stage. For A. maculatum, differences in larval mean molting times or mortality could not be attributed to effects of the various photoperiodic regimes.
In comparison to the lack of developmental response to photoperiod seen in fed larval ticks in this study, changes in photoperiodic regimes caused increased or decreased mean molting times of fed A. maculatum nymphs to adults. Because the light regimes in this study cannot be ordered on a continuous scale, the effects of the various light regimes on fed nymphs can be best observed by arranging the light regimes in order of mean molting times (Table 2 ). This arrangement makes it easier to see that the nymphal developmental rate increases with exposure to 14 and 0 h daylight during the larval phase. The shortest molting time occurred in ticks held under the long photophase (14:10) during both developmental periods. Comparable results were found in A. t. triguttatum, and A. americanum where the shortest mean molting times also occurred in the 14-14 light regime (Guglielmone and Moorhouse 1986, Pound and George 1988) . Exposure to 10-and 12-h photophases during the larval stage signiÞcantly increased nymphal developmental times. In this study, the effects of photoperiod on A. maculatum development resulted in in- a Daily photophase (hours) during development of eggs to unfed nymphs followed by that of fed nymphs to adults.
b Means in the same column with the same letter are not signiÞ-cantly different (ANOVA, P Ͻ 0.0001; StudentÐNewmanÐKeuls, P Յ 0.05).
c Percentages in the same column with the same letter are not signiÞcantly different (chi-square, P Յ 0.05). creased or decreased mean molting times of fed nymphs to adults. The developmental rate from nymphs to adults increased with exposure to 14-and 0-h regimes in the larval photoperiod phase. Light regimes that combine 10-and 12-h photophases signiÞcantly reduced developmental rates. Similar results were observed in A. americanum, for which the same six light regimes (10-12, 12-10, 10-0, 12-12, 12-0, and 10-10) had the longest molting times (Pound and George 1988) . Nymphal A. americanum held under the same light regimes had a much wider range of molting times, varying from a mean of 22.5 d for the 14Ð14 group to 52.3 d for the 10Ð10 group, whereas A. maculatum has a much narrower molting time range of 21.3Ð25.2 d.
At day 25, all of the A. maculatum observed in this study showed preapolysial posturing and were not considered to be in developmental diapause. In contrast, Pound and George (1988) found that 10.6% of A. americanum ticks subjected to these same light regimes were in diapause by day 25. The effect of changing light regimes on molting times observed in A. maculatum is statistically similar to the response previously observed in A. americanum but not to the degree to be categorized as classical developmental diapause at day 25 ( Table 2) .
The effects of photoperiod on A. maculatum development seem to be much less pronounced than those observed in A. americanum. The data suggest that A. maculatum may not be as sensitive to changes in daylength as A. americanum. The Gulf Coast tick is primarily a tropical species; thus, it may not be as sensitive to seasonal photoperiodic ßuctuations.
